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Abstract 
Thermally activated flux de-pinning and flux activation de-pinning energies are studied in a (Ba0.56K0.44)Fe2As2 (Tc=38.5 K) bulk 
superconductor in DC magnetic fields up to 18 T. Ac susceptibility was measured as a function of temperature, DC and AC 
magnetic fields, and frequency. Ac susceptibility curves shift to higher temperatures as the frequency is increased from 75 to 
1997 Hz in all fields. We model this data by Arrhenius law to determine flux activation energies as a function of AC and DC 
magnetic fields. The activation energy ranges from 8822 K at PHdc = 0 T to 1100 K at 18 T for Hac =80 A/m. The energies drop 
quickly in a non-linear manner as DC field rises above 0 T and around 1 T, which we describe as pinning transition field, the 
drop levels and continues more slowly in a linear like manner as DC field approaches to 18 T. Furthermore, the activation energy
drops quickly as AC field increases from 80 A/m to 800 A/m at 0 DC field. As the DC field rises above 0, the activation energy 
has significantly weaker dependence on the AC field amplitude. Extensive map of the de-pinning, or irreversibility, lines shows
broad dependence on the magnitude of the small AC field, frequency, in addition to the DC field. 
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1. Introduction 
In 2008, Sefat et al. and Rotter et al. discovered oxygen free, Fe-pnictide family (Ba1-xKx)Fe2As2, with Tc as high 
as 38 K. The superconductivity was achieved by partially replacing Ba ions by K ions doping holes into the parent 
material BaFe2As2 (also known as 122 materials). Unlike cuprates, K-doped 122 materials show small anisotropy. 
But these pnictides have high critical field Hc2, and large robustness of the critical current as a function of the 
magnetic field (Tanatar et al. (2009), Yamamoto et al. (2009)). However, the magnetic flux behavior of these 
compounds has not been well described so far. In this work, we study the penetrated magnetic flux behavior in the 
(Ba0.56K0.44)Fe2As2 (Tc=38.5 K) bulk superconductor exhibiting thermally assisted flux flow (TAFF). Irreversibility 
lines and depinning flux activation energies are determined as a function of both AC and DC magnetic fields (0-18 
T).
   We choose AC susceptibility measurements as the probe of the magnetic flux. Below the critical temperature, the 
imaginary part of AC susceptibility exhibits a broad peak that is attributed to hysteresis losses. As temperature 
increases toward the critical temperature Tc from below, flux lines and bulk shielding currents penetrate the material 
when the measuring field exceeds the lower critical field. When the flux lines and shielding currents fully penetrate 
the material, the losses reach a maximum. As the temperature increases beyond Tc, the shielding currents recede and 
the losses drop to zero. The AC losses in ceramic high-temperature superconductors are primarily due to bulk de-
pinning and surface and annihilation losses are negligible (Clem (1979)). 
2. Experimental details 
    The (Ba0.56K0.44)Fe2As2 sample that was synthesized at the Applied Superconductor Center (at the National High 
Magnetic Field Laboratory), where Ba, Fe, K, and As were mixed together, wrapped with Nb foil, and then sealed in 
a stainless steel vial. The sealed samples were heat treated under a pressure of 193 MPa at 1120 °C for 12 hours, 
cooled to 900 °C at the rate of 4 °C/hr, held at 900 °C for 12 hr, and then cooled to room temperature at 150 °C/hr. 
The phase purity of the sample was checked by powder X-ray diffraction (XRD) (Khasanov et al. (2011)). Its Tc was 
38.3 K. The sample’s dimensions were 4.0 u 0.7 u 0.6 mm and it contained a small amount (a few %) of FeAs 
impurities.  
   For AC susceptibility measurements, the sample was inserted into one of two balanced coils. In the absence of the 
sample, the two balanced coils generate zero signal under an AC current excitation. The magnetization of sample 
can be measured as the unbalanced signal when sample was set at the center of one of the coils. Here we used a 
combination of a lock-in amplifier oscillator and AC current calibrator (Valhalla 2500) to send AC current into the 
coils. The lock-in amplifier was set to measure the first harmonic voltage Q1  = Q0 ( F 'sin 2Sft – F "cos2Sft) where 
F ' and F " are the real and imaginary parts of AC susceptibility. The measured voltage is proportional to the 
amplitude of the first harmonic of the AC susceptibility as described by Goldfarb et al. (1991) and Nikolo (1995). 
The rms value of the excitation field was 80 A/m (1 Oe), 400 A/m (5 Oe), and 800 A/m (10 Oe); the frequencies of 
the AC field were 75, 173, 497, 1227, and 1997 Hz. The AC susceptibility measurements were done in the presence 
of a DC magnetic field that was incremented from 0 to 18 T.  
3. Results and theory 
  As the frequency is increased, both F '  and F " show shifts to higher temperatures.  As the reference point for 
specifying the temperature shift, the temperature of the peak Tp in F "  was used. The peak shift in temperature as 
the frequency increased from 75 to 1997 Hz at 0 T was 0.54 K at 80.0 A/m (1 Oe) and increased to 1.07 K at 800 
A/m  (10 Oe) and 0 T. At 18 T and 80 A/m the shift is to 2.02 K and increased to 5.02 K at 800 A/m and 18 T. 
Different combinations of AC and DC fields cause approximately same Tp’s at all measured frequencies. For 
instance, 10 Oe, 1 T line overlaps with 5 Oe, 2 T line and 10 Oe, 2 T overlaps with 5 Oe, 5 T line. 
   For constant DC field and frequency, we determined the temperature shift of the F "peak as AC field increased 
from 80 A/m to 800 A/m. This shift was largest at 18 T and 75 Hz. It was 8.67 K. At 18 T and 1997 Hz it was 5.68 
K. At 0 T, the same values were 1.68 K and 1.15 K, respectively. We saw a smaller decrease in the F " peak 
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temperature at all DC fields as the frequency increased. Fig. 1 contains significant amount of information about the 
flux dynamics inside the sample, especially the interplay of AC and DC fields. 
Malozemoff et al. (1988), Gomory et al. (1995) and many others determined the so called irreversibility lines (IL) 
from the maxima in F " , the same lines plotted in Fig. 1. This is an alternate method to recording magnetization 
loops. Above the IL line, at higher temperatures and fields, the magnetization of the sample is history independent, 
while under the line the sample shows hysteresis or irreversibility. However, we note that magnetic irreversibility 
implies persistent currents and zero resistance; therefore, the actual irreversibility lines are at slightly lower 
temperatures, below our lines, and we interpret the Fig. 1 lines as the upper irreversibility boundary. 
The peak in F "  appears when AC field just penetrates the center of the sample. At that point we have a field 
gradient resulting in a field drop Hac, AC field amplitude, from outside to the center of the sample. This gives us a 
shielding macroscopic current density jm = Hac/R where R is the radius of the sample (Clem (1979), Gomory et al. 
(1995)). We could model the sample as a long cylinder of radius R=0.3 mm to get jm=27 A/cm2 for Hac=80 A/m and 
get jm=270 A/cm2 for Hac=800 A/m. Thus the Fig. 1 lines are also frequency dependent lines of constant current 
density.  
The position of F " peak shows significant frequency shift that increases with the AC field amplitude as DC field 
increases. For instance, the frequency shift (75-1997 Hz) in temperature (1.07 K) at Hac =800 A/m (10 Oe) is about 
twice that at Hac =80 A/m (1 Oe) for 0 T DC field, and two and a half times larger (or 5.01 K) at Hac =800 A/m than 
at Hac =80 A/m for 18 T DC field. Also, the frequency shift (5.01 K) at 800 A/m and 18 T is about five times larger 
than at 800 A/m and 0 T. Furthermore, for constant DC field and frequency, the temperature shift of the F "peak as 
AC field increased from 80 A/m to 800 A/m was larger at lower frequencies. For instance, at 75 Hz and 18 T, it was 
8.67 K while at 1997 Hz and 18 T, it was 5.68 K. 
Fig. 1 shows that for any fixed frequency and AC field line, in other words, any line in the graph, the F " peak 
temperature drops at first quickly as DC field rises from 0 to approximately 1 T, and then slows its rate of decrease. 
In other words, there is an inflection field of 1 T, which separates the gradual linear like regime above the inflection 
field from the more abrupt nonlinear regime below. It appears that initially, vortex pinning, as demonstrated by the 
shift in Tp, decreases in a nonlinear manner quickly as small DC field (0-1 T) is superimposed and then decreases 
more gradually in a steady linear-like manner as DC field is further increased above about 1 T. There appears to be 
some kind of a pinning transition and the flux dynamics changes at 1 T. 
Fig. 1. Temperature of F " peak Tp as a function of AC field, frequency, and DC field. 
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 Nikolo et al. (1989) measured similar frequency shift in bulk Y-Ba-Cu-O and Ba-Sr-Ca-Cu-O samples (Müller and 
Nikolo (1991)) at zero DC fields only. The frequency shift of both F '  and F "  is described in terms of thermally 
activated flux motion. In the presence of a current density J, the flux lines experience a Lorentz force per unit 
volume FL=J uB, which moves them sideways. B is the penetrated flux density.  The flux motion is resisted by 
viscous drag and by inhomogeneities in the lattice that pin the flux.  At nonzero temperatures flux motion is possible 
with the help of thermal activation, even if the Lorentz force is smaller than the pinning force Fp.  If the flux lines 
are held in potential wells of depth U and width a, then the force on a line is FLVb where Vb is the volume of the flux 
lattice surrounding each pinning center. The potential well is reduced to an effective height of U – FLVba due to the 
Lorentz force acting on the lines.  
At any nonzero temperature there will be some thermally induced hopping of the flux bundles.  The thermally 
activated flux bundles will hop in the direction of the Lorentz force at a rate of Q Q>exp(– (U – FLVba)/kT) – exp(– 
(U + FLVba)/kT)] where Q0 the attempt frequency for hopping, and Q the flux line hopping rate.  Typically, the 
backward hopping term can be neglected since the larger Lorentz force density makes the second term in above 
equation much smaller and one can rewrite above the equation as FL=Fp=(1/aVb)[(U + kTln(QQ0)] in the critical 
state. The pinning force depends logarithmically on frequency (Müller and Nikolo (1991)).  
At higher frequency, the critical state field profile has less time to relax and therefore the effective pinning force 
density increases with increasing frequency, causing the F "  peak to shift to a higher temperature. As the 
temperature increases toward Tp, the temperature of the peak, from below, flux lines and bulk shielding currents 
penetrate the sample when the measuring field exceeds the lower critical field of the sample. The flux penetrates 
deeper and deeper into the sample and this causes the hysteresis loop to widen.  The loop area reaches maximum at 
Tp where the flux fully penetrates the sample (Nikolo et al. (1995)) and the shielding currents penetrate the sample’s 
center.   Stated differently, at a given temperature near the coupling peak, higher frequencies allow less time for flux 
to penetrate the sample.  This tends to improve its shielding ability. 
    In Fig. 2, we show a plot ln f vs. 1/Tp  for fields of 80 A m-1 (1 Oe). Similarly, we obtained 400 A m-1 (5 Oe), and 
800 A m-1 (10 Oe) plots. Here f is the driving frequency and Tp is the temperature of the F "  peak. We obtain a 
linear fit to the Arrhenius expression f = f0 exp(–Ea/kT). Here Ea is the thermal activation energy, k is the 
Boltzmann's constant, and f0 is a term proportional to the characteristic flux line hopping frequency, unknown in 
detail. But it is assumed to be larger than 108 Hz. We get a range of values ranging from 108 to 1045 Hz. Ea includes 
a barrier height U and a field-dependent force term Ea = U – FVa where F is the Lorentz force, V is the flux bundle 
volume, and a is the effective width of a barrier.   
Fig. 2. Temperature of F "peak as a function of frequency and DC field in 1 Oe AC field. 
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From our Arrhenius plots we compute the activation energy as a function of both AC and DC magnetic fields. 
The results are summarized in Fig. 3. The activation energy is 8822 K at PHdc = 0 T and Hac =80 A/m and it drops 
very quickly in a non-linear manner as DC field rises above 0 T, to 1257 K at 18 T. Around 1 T, the Ea drop levels 
and further decrease in Ea continues more slowly in a linear like manner down to 18 T. The pinning mechanism 
undergoes transition around 1 T. We fit the energy curve by  to get b= –0.28 for Hac =1 Oe, b=
–0.35 for Hac=5 Oe, and b= –0.43 for Hac=10 Oe. 
Fig. 4 shows Ea dependence on Hac for a constant DC field. The strongest dependence is for 0 DC field. As the 
DC field rises above 0 to 1 T and higher, the activation energy has relatively weak dependence on the AC field 
amplitude. We fit the data by to get a range of exponents d from d= –0.34 at 0 T to d= –0.62 at 
18 T. This means the superposition of a DC field of 1 T and higher significantly reduces the activation pinning 
energy and as the DC field increases, the effect of changing AC field decreases any changes in the activation de-
pinning energy (Fig. 4). 
Fig. 3. Activation energies as a function of DC field for 3 different AC field amplitudes. 
Fig. 4. Activation energies as a function of AC field for constant DC field. 
Ea / k  const. u Hdcb
Ea / k  const. u Hacd
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4. Conclusion 
We made extensive measurements of the AC susceptibility of (Ba0.56K0.44)Fe2As2 bulk sample as a function of 
temperature, AC field magnitude and frequency, and DC magnetic field. We observed significant frequency shift of 
AC susceptibility, as measured by the position of peak, in temperature as a function of both AC and DC fields. The 
shift to a lower temperature was almost 9 K in 18 T, 800 A/m AC field amplitude, and 75 Hz frequency, compared 
to about 1 K at 0 T. This shift of the  peak in temperature also represents the temperature shift of the maximum 
AC losses. 
We plotted the irreversibility lines and from plots of ln f vs. 1/Tp), where f is the driving frequency and Tp is the 
temperature of the F "  peak we extracted the pinning activation energy Ea. The activation energy ranges from 8822 
K at PHdc = 0 T and Hac =80 A/m to 1100 K at 18 T. It drops very quickly in a non-linear manner as DC field rises 
above 0 T and around 1 T, which we describe as pinning transition field, this drop levels and continues more slowly 
in a linear like manner as DC field approaches to 18 T. In other words, below 1 T the pinning strength decreases 
rapidly with increasing DC field, while above 1 T, increasing DC field has a smaller impact on the reduction of 
vortex pinning. The nature of the pinning dramatically changes around 1 T.  
We also observed the AC field amplitude impact on the activation energy at different DC fields. The activation 
energy drops quickly as AC field increases for 0 DC field. As the DC field rises above 0, the activation energy has 
significantly weaker dependence on the AC field amplitude. There is some kind of interplay between AC and DC 
fields that is not well understood. More work needs to be done to completely understand flux pinning and magnetic 
flux behavior within pnictide superconductors.  
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